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Rhopalosiphum padi virus (RhPV) is an aphid virus that has been considered a member of the Picornaviridae based on
physicochemical properties. The 10,011-nt polyadenylated RNA genome of RhPV was completely sequenced. Analysis of the
sequence revealed the presence of two open reading frames (ORFs). The predicted amino acid sequence of ORF1, representing
the first 6600 nt of the RhPV genome, showed significant similarity to the nonstructural proteins of several plant and animal RNA
viruses. Direct sequence analysis of the RhPV capsid proteins showed that ORF2, which represents the last 2900 nt, encodes the
three structural proteins (28, 29, and 30 kDa). The predicted amino acid sequence of ORF2 is very similar to the corresponding
regions of Drosophila C virus, Plautia stali intestine virus, and to a partial sequence from the 39 end of the cricket paralysis virus
genome. The site of initiation of protein synthesis for ORF2 could not be determined from the amino acid and nucleotide
sequences. ORF1 is preceded by 579 nt of noncoding RNA and the two ORFs are separated by more than 500 nt of noncoding
RNA. Like picornaviruses, these regions may function to facilitate the cap-independent initiation of translation of the two ORFs.
These data suggest that RhPV, Drosophila C virus, Plautia stali intestine virus, and probably cricket paralysis virus are members
of a unique group of small RNA viruses that infect primarily insects. © 1998 Academic Press
INTRODUCTION
Rhopalosiphum padi virus (RhPV) is an insect virus that
was first isolated and characterized by D’Arcy et al.
(1981a,b). RhPV infects a narrow range of aphid species
that includes three of the common vectors of the barley
yellow dwarf viruses (BYDVs): R. padi (L.), R. rufiabdominalis
(Sasaki), and Schizaphis graminum (Rondani) (D’Arcy et al.,
1981a; Gildow and D’Arcy, 1990). While RhPV infections are
not acutely lethal, they do decrease the longevity and fe-
cundity of infected aphids (D’Arcy et al., 1981a).
RhPV is transmitted horizontally through plants. It does
not appear to replicate in plant cells, but rather utilizes
plants as passive reservoirs (Gildow and D’Arcy, 1990).
RhPV also is transmitted transtadially, but at much lower
frequencies. RhPV primarily accumulates in the posterior
region of the midgut and the hindgut of infected aphids,
which results in a loss of cytoplasmic organelles in
infected cells. RhPV does not accumulate in the anterior
midgut (Gildow and D’Arcy, 1990).
Like members of the Picornaviridae, RhPV particles
are icosahedral and 27 nm in diameter. They consist of
one single-stranded positive-sense RNA molecule and
three major capsid proteins of 28, 29, and 30 kDa (D’Arcy
et al., 1981b), which are analogous to picornaviruses
VP2, VP3, and VP1. There is no evidence of the produc-
tion of a smaller VP4-like capsid protein. However, the
size of the RhPV genome (approximately 10,000 nt) is
much larger than that of most picornavirus genomes. In
addition, analysis of virus-induced double-stranded
RNAs (dsRNA) suggests that RhPV produces sub-
genomic RNAs (Gildow and D’Arcy, 1990). These last two
features are more compatible with the characteristics of
the alphaviruses than those of the picornaviruses. Nu-
cleotide sequence information from four other small RNA
insect viruses suggests that their capsid proteins are
encoded on the 39-terminal region of their genomes,
much like the caliciviruses (Johnson and Christian, 1998;
Koonin and Gorbalenya, 1992; Sasaki et al., 1997; van der
Wilk et al., 1997).
To understand the genome organization and replica-
tion strategy of RhPV, we synthesized cDNAs from RhPV
genomic RNA and determined their nucleotide se-
quences. In addition, partial amino acid sequences were
determined for the three capsid proteins and used to
identify the location of the structural protein genes within
the RNA genome.
RESULTS
Nucleotide sequence
The nucleotide sequence of the RhPV genome was
primarily determined from the overlapping cDNA inserts
Sequence data from this article have been deposited with GenBank
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on both strands from 16 different cDNA clones (Fig. 1).
Because the intergenic and 39 noncoding regions pre-
dicted from the initial cDNA clones were larger than
expected, these regions were resequenced directly from
reverse transcriptase PCR products. The new sequence
information did not change the size of the noncoding
regions. The 59-end sequence was determined from two
independently isolated cDNA clones and by primer ex-
tension analysis from viral RNA. Analysis of the se-
quences of the cDNA clones confirmed the presence of
a poly(A) tail on the 39 end of the RhPV genome. The
RhPV genome was 10,011 nt long excluding the poly(A)
tail (Fig. 2). Like many invertebrate picornaviruses, the
sequence is A/T rich, composed of 30.0% A, 31.2% U,
18.6% C, and 20.3% G.
Open reading frames
Two large open reading frames (ORFs) were identified
in the positive sense of the RNA sequence (Fig. 2). Like
most picornaviruses, relatively long noncoding regions
precede both ORFs. The first ORF (ORF1) starts with the
third AUG codon at nucleotide position 580 and extends
to position 6573. ORF1 can encode a 1998-amino-acid
protein of approximately 229 kDa. Depending on which
AUG codon is utilized, the second ORF (ORF2) is sepa-
rated from ORF1 by 527–803 nt. The first AUG codon in
ORF2 is at position 7377. However, the reading frame
extends several hundred nucleotides upstream of this
AUG and downstream to position 9558. The predicted
amino acid sequence of ORF1 contains sequences that
are similar to those of other positive-sense RNA viruses
that have been shown to be involved in replication of
viral RNA (Koonin and Dolja, 1993). Amino acid se-
quences similar to conserved motifs of viral helicases
can be encoded from nt 2256 through 2609 (Fig. 2). The
similarity to picornaviruses extends upstream to a glu-
tamine encoded by nt 1753. This glutamine represents
the carboxy-terminal amino acid of the 2A proteins of
Mengovirus (Palmenberg and Duke, 1993) and EMCV
(Palmenberg et al., 1984) and the 32K protein of CPMV
(Wellink et al., 1986). The predicted amino acid sequence
of the region upstream of the glutamine residue shows
no significant homology to sequences in GenBank. Se-
quences similar to the active site residues of chymotryp-
sin-like proteases of other RNA viruses correspond to nt
4294 through 4779. The most extensive region of simi-
larity was found in the amino acid sequence from nt 5461
through 6334. This region contains amino acid sequence
motifs shared by the putative RNA-dependent RNA poly-
merases (RdRp) of positive-sense ssRNA viruses (Kamer
and Argos, 1984; Koonin and Dolja, 1993). No significant
similarity to virus structural proteins was found in ORF1.
Coat proteins
The three RhPV capsid proteins were subjected to
amino-terminal sequence analysis. The sequence S K P
L (?) (P/N) A D M Q L was obtained from the amino
terminus of the 29-kDa capsid protein. This sequence
matched the sequence S K P L N P A D M Q L that can
be encoded by nt 7983 through 8015 in ORF2 (Fig. 2). The
predicted amino acid upstream of the serine residue in
the polyprotein is a tryptophan. The sequence V G T D (?)
G D was obtained from the amino terminus of the 30-kDa
capsid protein, which matched the sequence V G T D T
G D in the ORF2 polyprotein that is encoded from nt 8781
through 8884. This sequence is located immediately
downstream of a glutamine residue and about 29.5-kDa
downstream in the polyprotein from the sequence ob-
tained from the amino terminus of the 29-kDa capsid
protein. A protein of 29 kDa can be encoded from posi-
FIG. 1. DNA fragments used to determine the nucleotide sequence of RhPV RNA. (A) A set of 16 cDNA clones and PCR products was used to
determine the nucleotide sequence of the RhPV genomic RNA. The sizes and relative positions of the inserts of the clones and the PCR products are
indicated. (B) The positions of the AUG (vertical lines above each bar) and termination codons (vertical lines below each bar) in the RhPV sequence
are indicated for each of the positive sense reading frames.
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FIG. 2. The nucleotide sequence of RhPV genomic RNA. The nucleotide sequence determined from cDNAs synthesized from purified RhPV RNA
is shown. The predicted amino acid sequences of the two polyproteins are shown above the nucleotide sequence. Regions of amino acid sequence
similarity to conserved motifs of replication-associated proteins from small RNA viruses as described by Koonin and Dolja (1993) are boxed and
labeled in the first predicted polyprotein. The amino acid sequences obtained by direct analysis of the 28-, 29-, and 30-kDa capsid proteins (CP) are
boxed in the second predicted polyprotein.
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tions 8781 through the end of ORF2 at nt 9558, which is
very similar to the 30 kDa predicted from SDS–PAGE. No
sequence was obtained from the 28-kDa capsid protein,
apparently due to a blocked amino terminus. However, a
sequence, L S (W?) T P F, was obtained from a cyanogen
bromide cleavage product of the 28-kDa capsid protein
that matched the sequence L S W T P F, which is
encoded by nt 7476 through 7493. In addition, the amino-
FIG. 2—Continued
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terminal sequences of three proteins of approximately
30.5, 31, and 34 kDa that often copurified with RhPV were
determined. No matches were found to these amino acid
sequences in any reading frame from the RhPV se-
quence (data not shown).
Northern blot analysis
Sequence data suggest that RhPV is related to APV,
which has a calicivirus-like genome organization (van
der Wilk et al., 1997). APV and the caliciviruses produce
FIG. 2—Continued
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subgenomic RNAs that can be detected in single- and
double-stranded RNA preparations from infected cells
(Neill and Mengeling, 1988; van der Wilk et al., 1997) and
in virus particles (Meyers et al., 1991). To determine
whether RhPV produces subgenomic RNAs for the ex-
pression of its capsid proteins, total and poly(A) RNAs
were purified from healthy and RhPV-infected aphids and
subjected to Northern blot analysis. RNA from SDS-dis-
rupted RhPV virions that had not been sucrose gradient
purified also was analyzed. RNA bands of less than
genomic length were sometimes seen on ethidium bro-
mide-stained agarose gels in poly(A) RNA samples from
RhPV-infected aphids (Fig. 3). However, even when the
blots were overexposed, no specific hybridization was
seen to RNA bands of less than genomic length using
probes derived either from the 59 half or 39 half of the
RhPV genome (Fig. 3).
Relationships to other viruses
Phylogenetic analysis shows that the predicted amino
acid sequences of RhPV are most closely related to
those of CrPV (King et al., 1987), DCV (Johnson and
Christian, 1998) and PSIV (Sasaki et al., 1997) and much
more distantly related to APV (van der Wilk et al., 1997)
(Fig. 4). Excluding the other insect viruses, the predicted
FIG. 2—Continued
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amino acid sequence of the RhPV RdRp is more closely
related to sequences from plant viruses in the comovirus
lineage than to the sequences of the animal picornavi-
ruses or the potyviruses (Fig. 4A). The predicted amino
acid sequence of the 29-kDa capsid protein sequence of
RhPV showed significant homology to VP3-like structural
proteins of picornaviruses. Phylogenetic analysis of the
predicted amino acid sequence of the RhPV 29-kDa
structural protein to the VP3-like capsid protein regions
of selected RNA viruses showed that RhPV, CrPV, DCV,
and PSIV formed a group that branched off from HAV
(Fig. 4B). The sequences of the APV structural proteins
did not align well with those of the other insect viruses
and appeared to be only distantly related.
DISCUSSION
The data presented here suggest that RhPV, DCV,
PSIV, and CrPV are members of a unique group of pi-
corna-like viruses that primarily infect insects. The com-
plete nucleotide sequences are available for the first
three viruses and a 1.6-kb nucleotide sequence has been
reported from the 39 end of the CrPV RNA genome (King
et al., 1987). Like the first three viruses, the predicted
amino acid sequence of the CrPV nucleotide sequence
shows significant similarity to picornavirus structural
proteins (Koonin and Gorbalenya, 1992). This group may
include other insect viruses as well. For example, aphid
lethal paralysis virus (ALPV) is related serologically to
both DCV and CrPV (Reinganum and Scotti, 1976; Wil-
liamson and Rybicki, 1989) and, hence, may have a
similar genome organization. However, it should be
noted that CrPV also is related serologically to EMCV
(Tinsley et al., 1984), which expresses its structural pro-
teins from the amino terminus of a single, long polypro-
tein. Like the above viruses, the sequence of another
aphid-infecting virus, APV, contains two large ORFs
where the structural proteins are expressed from the 39
end of its genome (van der Wilk et al., 1997). However,
APV expresses four coat proteins and, unlike RhPV, pro-
duces large amount of subgenomic RNA. Additional mo-
lecular and biochemical data will be needed to deter-
mine how common the genome organization of RhPV is
among small RNA insect viruses and what fundamental
FIG. 3. Northern blot analysis of RhPV RNAs. Total RNA from healthy
aphids (lanes 1 and 5), SDS-disrupted virions (lanes 2 and 6), RhPV-
infected aphids (lanes 3 and 7), and poly(A) RNAs from RhPV-infected
aphids (lanes 4 and 8) were separated on formaldehyde–agarose gels,
blotted to nylon membranes, and hybridized to cDNA probes corre-
sponding to nt 1 through 5305 (lanes 1–4) or nt 5381 through 9829
(lanes 5–8). Genoimc RNA from purified virions (lane 9) and poly(A)
RNA from RhPV-infected aphids (lane 10) were analyzed on nondetaur-
ing agarose gels. The sizes (kb) of ribosomal RNAs are indicated.
FIG. 4. Phylogenetic analysis of RhPV-encoded proteins. The predicted amino acid sequences of RNA-dependent RNA polymerases (A) and
VP3-like structural proteins (B) of selected positive-sense RNA viruses were aligned and used to construct a distance matrix that was used to produce
the unrooted trees. The lengths of the branch arms are proportional to distances between sequences. Sindbis virus was used as an outgroup for the
polymerases and CPMV for the structural proteins.
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differences in insect physiology have allowed these
types of viruses to predominate in invertebrates.
The nucleotide sequence of the RhPV genome sug-
gests that it expresses two polyproteins. The larger of
the two is expressed from ORF1, which starts near the 59
end of the genome. Its predicted amino acid sequence
shows significant similarity to nonstructural proteins of
several como- and picornaviruses. The second polypro-
tein is expressed from ORF2 located in the 39-terminal
2900 nt. Its predicted amino acid sequence shows sig-
nificant similarity to the structural proteins of picornavi-
ruses. This genome organization is functionally similar to
those of como- and nepoviruses, which express their
structural proteins as polyproteins that are translated
from separate RNAs (Fig. 5). The structural proteins are
cleaved from the polyprotein in trans by a 3C-like pro-
tease expressed from the larger genomic RNA (Vos et al.,
1988; Demangeat et al., 1990). Since ORF2 of RhPV ap-
parently encodes just the three capsid proteins, it is
likely that the ORF2 polyprotein is cleaved in a similar
manner by a protease expressed from ORF1.
A common strategy for the expression of structural
protein genes that are located downstream of nonstruc-
tural protein genes is the production of subgenomic
RNAs (Matthews, 1991). The observations that CrPV and
DCV produce capsid proteins in supramolar amounts
relative to the nonstructural proteins (Moore et al., 1985)
and that dsRNA from RhPV-infected aphids contains
RNAs of approximately 2.8 kb (Gildow and D’Arcy, 1990)
seemed to support the hypothesis that insect picornavi-
ruses expressed their structural proteins from sub-
genomic RNAs. Even though RNA bands of less than
genomic length were sometimes observed on ethidium
bromide-stained gels of RNA preparations from RhPV-
infected aphids, these RNAs did not hybridize to RhPV
cDNA probes and repeated attempts to detect other
subgenomic RNAs were unsuccessful. Similarly, at-
tempts to detect RNAs of less then genomic length from
CrPV-infected cell lines were not successful (Reavy and
Moore, 1982; Reavy et al., 1993).
An alternative to the production of subgenomic RNAs
would be to express the structural proteins through in-
ternal initiation of translation directly from the genomic
RNA. Picornaviruses often devote large portions of their
genomes to the formation of internal ribosome entry
sites (IRESs)—structures that permit ribosomes to enter
and initiate translation from an internal region of an RNA
(Jackson et al., 1994). These structures usually are found
in the 59-nontranslated regions of genomic RNAs. How-
ever, synthetic dicistronic mRNAs have been constructed
by placing picornavirus leader sequences into the mid-
dle of an RNA (Gurtu et al., 1996; Ramesh et al., 1996). In
FIG. 5. Proposed genome organization of RhPV and similarities to other small RNA viruses. The genome organizations of RhPV, cowpea mosaic
virus (CPMV), poliovirus feline calicivirus, and Acyrthosiphon pisum virus (APV) are shown. The two RNA genomes of CPMV are ordered to illustrate
the similarities with RhPV. Open reading frames are indicated with white bars. The nucleotide positions that correspond to protease cleavage sites
and the resulting products are indicated for CPMV and poliovirus. The locations of conserved amino acid sequences associated with helicase
(triangle), protease (circle), and RNA polymerase (square) activities are indicated.
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addition, Molla et al., (1992) constructed an infectious
dicistronic poliovirus by inserting the IRES of EMCV into
the junction between the P1 and P2 domains of the
poliovirus genome. The experiments resulted in the gen-
eration of a stable recombinant poliovirus that expressed
its structural proteins from a 59 ORF and nonstructural
proteins from a 39 ORF—just opposite of RhPV. Like
many picornaviruses, RhPV has a 59-nontranslated re-
gion of over 500 nt. A second noncoding region of ap-
proximately the same length is located between the two
ORFs. It is possible that these two regions function as
IRES sequences to allow RhPV to express its two
polyproteins from a single RNA molecule without the
production of a subgenomic RNA.
The initiation of cap-independent translation of picor-
navirus RNAs can be very host or even tissue specific
(Gromeier et al., 1996; Shiroki et al., 1997). These differ-
ences in translation initiation efficiency can be seen in
vitro in the rabbit reticulocyte lysate translation system
for many picornavirus RNAs. The RNAs of the cardio- and
apthoviruses are translated very efficiently in vitro, while
those of enteroviruses and HAV are translated relatively
inefficiently (Borman et al., 1997). Similar differences in
translation efficiencies have been observed with RNAs
purified from two aphid viruses. Williamson and Rybicki
(1989) translated ALPV and RhPV RNAs in vitro and
observed that ALPV translated very well and produced
large amounts of low molecular weight proteins that
were antigenically related to ALPV capsid proteins. On
the other hand, RhPV RNA did not translate as well and
produced only small amounts of a capsid protein precur-
sor. Like the picornaviruses, the interaction of se-
quences upstream of the RhPV coding regions with host
translation factors may influence the abilities of ORFs 1
and 2 to be expressed in vivo and in vitro and may be at
least partially responsible for the relatively narrow host
range of RhPV.
We have mapped the sequences encoding the three
RhPV capsid proteins to ORF2. The amino-terminal se-
quence of the 29-kDa capsid protein suggests that cleav-
age occurs between tryptophan and serine residues.
While cleavage after tryptophan has been reported for
some retroviruses (e.g., Elder et al., 1993), similar cleav-
age sites have not been reported previously from picor-
navirus structural proteins. The sequence of five amino
acids surrounding the putative cleavage sites, G W S K P,
aligns with the sequence G F S K P found in DCV and
PSIV where the glutamine is replaced with phenylala-
nine. It is possible that the RhPV 3C-like protease
cleaves the polyprotein at some position upstream in the
polyprotein and that a secondary cleavage by either a
host or virus-encoded protease produces the 29-kDa
capsid protein. In their analysis of the in vitro proteolytic
processing of the CrPV capsid proteins, Reavy and
Moore (Reavy et al., 1993) suggested that host cell pro-
teases could be involved in the processing of CrPV
capsid proteins. They showed that mature capsid pro-
teins were observed only in in vitro translation reactions
that had been supplemented with Drosophila cell ex-
tracts.
The site of translation initiation in ORF2 remains to be
determined. Amino acid sequence data suggest that the
28-kDa capsid protein represents the amino terminus of
the ORF2-derived polyprotein. It is likely encoded by
sequences downstream of nt 7107 and upstream of the
start of the 29-kDa protein at nt 7983. Conceptual trans-
lation from the first AUG in ORF2 produces only a 22-kDa
protein and translation from the first codon of ORF2 (nt
7107) produces a protein of 32 kDa upstream of the
29-kDa protein. This suggests that the amino terminus of
the 28-kDa protein is encoded approximately 100 nt
downstream from the first codon. No AUG codon is found
in that region, but there is an out-of-frame initiation
codon at position 7103 that could produce a 32-kDa
protein through a 11 frameshift. The termination codon
of the short ORF is preceded by two phenylalanine
codons encoded by the sequence UUC UUU, which is
very similar to the ‘‘slippery’’ sequences found at frame-
shift sites (Jacks et al., 1988). Similar sequences have
been shown to be involved in 11 frameshifting in the
expression of prokaryotic and eukaryotic genes (Brierley
et al., 1992; Fu and Parker, 1994). When two IRESs are
present in the same RNA, the ORF downstream of the
second often is expressed at a much higher level than
the first (Mountford and Smith, 1995). A frameshift in the
expression of the 28-kDa protein may act to down-regu-
late the level of gene expression from ORF2. While APV
appears to express its structural proteins through a 21
frameshift mechanism, the mechanism for the expres-
sion of the DCV and PSIV structural proteins is not clear
from their nucleotide sequences. Additional in vitro and
in vivo analyses will be required to determine how the
RhPV structural proteins are expressed.
As entomopathogens, insect viruses represent poten-
tial biological control agents. The baculoviruses have
been the most highly studied group of viruses for their
potential as insect control agents (Entwistle and Evans,
1985). A few studies have evaluated the efficacy of insect
picornaviruses as biological control agents. For example,
Gonometa virus was used to control Gonometa podo-
carpi on pine (Harrap et al., 1966) and Darma trima virus
to control insect pests on oil and coconut palms (Rein-
ganum et al., 1978). The potential of CrPV to control the
olive fruit fly also was evaluated, but like many biological
control agents, it was not as effective as chemical control
measures (Manousis and Moore, 1987). To overcome the
relatively low toxicity of viral insecticides, genes encod-
ing insect-selective toxins have been inserted into bac-
ulovirus genomes and shown to enhance their efficacy
as biological control agents (Bonning and Hammock,
1996). It may be possible to enhance the efficacy of
insect picornaviruses for the control of insect popula-
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tions through similar modifications. If the RhPV RNA
genome possesses two IRESs, it would be well suited for
development of vectors for the delivery of protein coding
regions to insect pathogens. One of the concerns of the
use of any biological control agent is its effects on
nontarget organisms, especially vertebrate animals.
However, RhPV seems to be biologically isolated from
vertebrate hosts since viruses with similar genome or-
ganizations have not been reported from vertebrate an-
imals. Further investigation into the experimental host
range and safety of insect picornavirus insecticides will
be necessary before the feasibility of insect picornavi-
rus-based insecticides can be determined.
MATERIALS AND METHODS
Virus RNA analysis
RhPV was propagated in R. padi (Homoptera:Aphidi-
dae) and purified as described (D’Arcy et al., 1981b).
Genomic RhPV RNA was purified from SDS-disrupted
virions by centrifugation through 10–40% linear sucrose
gradients. Total RNA and poly(A) RNA samples from
healthy and RhPV-infected aphids were prepared as de-
scribed (Chomczynski and Sacchi, 1987; Sambrook et al.,
1989). RNAs were separated on denaturing gels, blotted
to nylon membranes, and probed with biotinylated cDNA
probes specific for either the 59 half (nt 1 through 5305)
or the 39 half (nt 5381 through 9829) of the RhPV genome
(Sambrook et al., 1989; Chomczynski, 1992; Mertz and
Rashtchian, 1994).
cDNA synthesis and cloning
Complementary DNA clones of the RhPV genome
were constructed by standard methods (Gubler and Hoff-
man, 1983) using an oligo(dT)–Xho-linker primer (Strat-
agene) to synthesize the first-strand cDNA. The blunt-
ended cDNA was ligated with EcoRI/NotI adapters and
inserted into pBluescript (KS) or pBC (KS) (Stratagene).
The sequences of the inserts of initial clones were used
to design oligonucleotide primers to clone the remaining
regions of the RNA. To determine the nucleotide se-
quence of the 59 end of the RhPV RNA, poly(A) RNA was
prepared from RhPV-infected aphids. First-strand cDNA
was synthesized with a specific oligonucleotide primer
complementary to nt 5781 through 5801. The cDNA was
tailed with dGTP using terminal deoxynucleotidyl trans-
ferase, amplified by polymerase chain reaction (PCR),
and digested with XbaI and PstI. The 59-terminal 1.5-kb
fragment was inserted into pBluescript (KS) (Frohmann
et al., 1988). The inserts of two independently derived
clones were sequenced.
Nucleotide and amino acid sequence determinations
Nucleotide sequences of the cDNA inserts were
determined from both DNA strands using either man-
ual cycle sequencing (Promega) or automated dye-
terminator sequencing (Perkin–Elmer) by the dideoxy
chain termination method (Sanger et al., 1977). The
nucleotide sequences of selected regions of the RhPV
genomic RNA were confirmed directly from PCR prod-
ucts synthesized from first-strand cDNA. To map the
positions of the RhPV capsid proteins within the
polyproteins, RhPV-associated proteins (10 mg) were
separated by SDS–polyacrylamide gel electrophoresis
(SDS–PAGE; Laemmli, 1970) and blotted to PVDF mem-
branes (Moos et al., 1988). For internal sequences, the
protein bands were excised from the polyacrylamide
gels, crushed, and eluted in 50 mM ammonium bicar-
bonate, 0.1% SDS at 37°C for 2 h. The eluted samples
were dried, resuspended in 100 mg/ml cyanogen bro-
mide, 70% formic acid, and incubated at 24°C for 1.5 h.
The digests were dried, washed with H2O, and dried
again. The digestion products were separated on
16.5% tricine–SDS–polyacrylamide gels (Scha¨gger and
von Jagow, 1987) and blotted to PVDF membranes. The
amino acid sequences of the proteins were deter-
mined using Applied Biosystems Model 477A/120A
automated sequencers.
Analysis of nucleotide sequences
RhPV sequences were compared to the GenBank and
EMBL databases with BLAST (Altschul et al., 1990) and
FASTA (Pearson and Lipman, 1988), respectively. The
predicted amino acid sequences of the RhPV RdRp and
VP3-like regions were aligned using ClustalX (Thompson
et al., 1994) and phylogenetic trees were drawn with the
NJplot program (Perrie`re and Gouy, 1996). The se-
quences (with Accession numbers) used in the align-
ments were: Acyrthosiphon pisum virus (APV, AF14514),
bovine enterovirus (BEV, P12915), cowpea mosaic virus
(CPMV; X00206, X00729), cricket paralysis virus (CrPV,
P13418), Drosophila C virus (DCV, AF014388), encepha-
lomyocarditis virus (EMCV; P03304), feline calicivirus
(FCV; M86379), foot-and-mouth disease virus (FMDV;
P03305), grapevine chrome mosaic virus (GCMV;
P13025), grapevine fanleaf virus (GFLV; D00915), hepati-
tis A virus (HAV; P06441), human rhinovirus 14 (HRV14;
P03303), parsnip yellow fleck virus (PYFV; Q05057), Plau-
tia stali intestine virus (PSIV, AB006531), poliovirus (Polio;
V01150), rabbit hemorrhagic disease virus (RHDV;
X96868), rice tungro spherical virus (RTSV, RTU70989),
Sindbis virus (Sindbis; J02363), southampton calicivirus
(SCV, L07418), soybean mosaic virus (SMV; S42280),
Theiler’s encephalomyelitis virus (TEMV; P08544), to-
bacco etch virus (TEV; M15239), and tobacco ringspot
virus (TRSV; 226341).
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